Anomalous isotope shifts in the chain of light Hg isotopes are investigated by using the Hartree-FockBogoliubov method with the Skyrme SIII, SkI3 and SLy4 forces. The sharp increase in the mean-square radius of the odd mass 181−185 Hg isotopes is well explained in terms of the transition from an oblate to a prolate shape in the ground state of these isotopes. We discuss the polarization energy of time-odd mean-field terms in relation to the blocked level by the odd neutron.
Introduction
The sharp increase in the mean-square charge radius is observed in the odd mass 181−185 Hg isotopes with respect to their even neighbors [1] . A hint that a very different configuration may constitute the ground state of these nuclei was given by an isomer shift measurement of 185 Hg [2] , where they found an excited state of 185 Hg which has a charge radius consistent with the charge radius of heavier neighbors. The sharp increase in the charge radius was interpreted as the transition from a nearly spherical to a deformed shape in the ground state of the odd mass 181−185 Hg isotopes.
Frauendorf and Pashkevich [3] calculated the deformation energy of Hg isotopes by means of Strutinsky's shell correction method. They found that the light Hg isotope has an oblate and prolate minimum of nearly the same depth at the respective deformations ǫ = −0.12 and 0.22. They discussed a mechanism which causes the transition from a small oblate to a large prolate deformation in the odd mass 181−185 Hg isotopes. They noticed that the neutron level density is very high in the almost spherical oblate minimum, whereas the neutron level density is low in the well deformed prolate minimum. They concluded that the loss of pairing energy due to the blocking of the Fermi level by the odd neutron is larger in the oblate minimum than in the prolate one, which gives rise to the oblate-prolate transition in the ground state of these isotopes. As the prolate minimum corresponds to deformation twice as large as the oblate one, the sharp increase in the mean-square radius is observed in the odd-mass light Hg isotopes.
There are several mean field calculations of Hg isotopes. However, all of them are limited to even isotopes [4, 5, 6, 7] . In order to see if the mechanism of Frauendorf and Pashkevich works well, we perform HartreeFock-Bogoliubov (HFB) calculations of Hg isotopes with effective interactions SIII [8] , SkI3 [9] and SLy4 [10] .
We calculate Lipkin-Nogami corrections [11, 12] to both mean field and pairing energies [13, 14] . We investigate the influence of the time-odd mean-field terms as well as the blocking of a level by the odd neutron on the oblate-prolate shape transition.
In Section 2, we present the Skyrme HFB method with Lipkin-Nogami corrections to describe both even and odd Hg isotopes. In Section 3, we present calculations with effective interactions SIII, SkI3 and SLy4.
Conclusions are given in Section 4.
Method of calculation 2.1 Skyrme Hartree-Fock-Bogoliubov method
The HFB equation is derived by the variation of energy with respect to the quasi-particle vacuum [15] ,
Here the quasi-particle vacuum |Φ is given by
for all quasi-particle states k. In the present study, we employ Skyrme forces in the particle-hole channel and the zero-range density-dependent pairing force in the particle-particle channel,
The HFB energy is then given by
where H is the Skyrme energy density [16, 17] and ∆(r) is the gap field,
The pairing strength V 0 is determined from the odd-even mass difference and the density parameter ρ c is taken as the saturation density of symmetric nuclear matter which is obtained by using the respective Skyrme parameters.
The particle density ρ(r) and the anomalous density κ(r) are written as
with the density matrix and pairing tensor,
Variation of Eq. (6) with respect to ρ αβ and κ αβ yields the HFB equation,
Diagonalization is carried out in a deformed oscillator basis with axial symmetry [18] . A Greek index in Eq. (12) denotes a set of quantum numbers {n r n z ΛΣ} of a deformed oscillator wave function.
In the present study we will restrict our basis space as
with N 0 = 18. The oscillator constant is held fixed ashω 0 =h(ω
parameter q = ω ⊥ /ω z is varied to obtain the maximum deformation energy in the oblate and prolate minimum, respectively. The chemical potential λ is adjusted by the particle number condition, N = N . Using the occupation amplitude N k = α V * αk V αk and quasi-particle energy E k , we calculate an auxiliary single-particle energy and pairing gap in order to find the optimum value of λ [19] ,
As in Ref. [20, 21] , the cut-off procedure of quasi-particle states is imposed on the auxiliary single-particle energy. The value ofē max = 60 MeV is assumed in the present study.
Description of an odd nucleus
The above formalism can be straightforwardly extended to the case of one quasi-particle state in odd mass nuclei.
All the equation retain their form. Only the density matrix ρ αβ and pairing tensor κ αβ should be modified due to the blocked quasi-particle β † k |Φ in the following way [22, 23] ;
We introduce a reference state |Φ HFBE and its energy expectation value E HFBE . The state is constructed as an even vacuum without quasi-particle creation and without breaking time-reversal invariance but with an odd average particle number. The difference of energy E HFB − E HFBE is thus composed of the loss of pairing energy due to the blocking of the Fermi level and the polarization energy of the mean field by the presence of an odd neutron [24] .
A proper description of an odd nucleus by mean field theories requires to break the time-reversal symmetry [17] . When the time-reversal symmetry is broken, the Skyrme energy density H is written by the sum of kinetic energy and potential energy of isoscalar H 0 and isovector H 1 terms;
The coupling constants C are expressed by the Skyrme force parameters [25] . The isospin index t can have values 0 or 1. The isoscalar and isovector parts of the particle densities ρ t are defined as
and analogous expressions are used to define other densities. It should be noted that since we consider the Skyrme force as the density-dependent two-body interaction, the time-odd terms C s t in Eq. (18) are different from the original expressions [17] which were derived from the three-body interaction.
The characteristic combinations of (ρ 
Lipkin-Nogami corrections
In light Hg isotopes, the neutron level density is high in the oblate minimum, while it is low in the prolate minimum. Because of the difference of level densities in the respective minima, it happens that neutrons in the oblate minimum are superconductive, whereas they are normal in the prolate minimum within the same isotope.
The situation is extremely inconvenient because we want discuss the energy difference between the oblate and prolate minimum. Besides, a sudden phase-transition from the normal to superconductive state or vice versa at certain neutron numbers may be unphysical and it may be due to the defect of the number non-conserving pairing scheme. In the present study we employ the approximate number-projection method of Lipkin and Nogami (LN) [11, 12] and calculate its corrections to both mean field and pairing energies [13] . The number projected energy is expressed as
where λ 1 and λ 2 are constant parameters [14] . The second order expansion is considered in the Lipkin-Nogami method. Variation with respect to the density matrix and pairing tensor as in the case of the HFB equation yields the HFBLN equation applicable to both even and odd nuclei (hereafter simply called HFB). The parameter λ 1 is given by the particle number condition, whereas the parameter λ 2 is held fixed during the variation and is determined after the variation from the additional condition,
Equation (22) is calculated by the following density matrix and pairing tensor [13] ;
For an odd nucleus, the density matrix and pairing tensor of Eqs. (16) and (17) are used on the right hand side of the above equations [14] .
Results and discussion
We have analysed the oblate-prolate transition in the odd-mass light Hg isotopes using the Skyrme HartreeFock-Bogoliubov method with effective interactions SIII, SkI3 and SLy4. Shape transition occurs only in the odd-mass isotopes as the result of a subtle balance between the time-even mean-field energy, the loss of pairing energy by the odd neutron and the time-odd mean-field energy. We have examined effective interactions SIII,
, SKX [28] , SkI1, SkI2, SkI3, SkI4 and SkI5 [9] and SLy4 whether they can predict the oblate-prolate shape coexistence in light Hg isotopes. We have found that both SIII and SkI3 interactions have desirable isospin dependence and deformation energies.
We have assumed the zero-range density-dependent pairing interaction. The pairing strength V 0 was adjusted to reproduce the one-particle separation energy [29] . The density parameter ρ c is taken as the saturation density of symmetric nuclear matter which is obtained from Skyrme parameters. Adjusted values are given in the respective figure captions.
We have investigated the effect of time-odd mean-field terms on the HFB energy, first by using the time-odd coupling constants derived from the Skyrme force parameters and second by switching on and off the coupling constants C ∆s t and C s t , respectively. These coupling constants in C-representation [25] are given in Table 1 .
They vary very much with different Skyrme forces, e.g., the coupling constant C Finally the deep prolate minimum with deformation β 2 ∼ 0.29 develops in 184 Hg. The oblate-prolate shape coexistence in light Hg isotopes has been predicted by many authors, e.g., [3, 4, 5, 6, 7, 30, 31] . Figure 2 shows the SIII calculation of the oblate-prolate energy difference. The HF calculation (white circle) predicts prolate deformation in the ground state of all Hg isotopes. The HFBE calculation (black circle), the fully paired state without the blocking effect, predicts oblate deformation in the ground state of all Hg isotopes.
The shape changes due to the large gain of pairing energy in the oblate minimum because of the high level density as compared to the level density in the prolate minimum. In the SIII-HFB calculation (white square), on the other hand, the shape of odd mass 181−185 Hg isotopes returns to the prolate shape. This is because the loss of pairing energy due to the blocking by the odd neutron is also large in the oblate minimum than in the prolate one. The effect of the time-odd mean fields on the oblate-prolate transition is weak and a few tenths of the blocking effect. Figure 3 shows the SIII-HFB calculation of (a) the mean-square charge radius and (b) one-neutron separation energy of 180−206 Hg isotopes. The sharp increase in the mean-square radius of the odd-mass 181−185 Hg isotopes is very well explained by the calculation. The one-neutron separation energy is also well reproduced in the calculation. This is so because the depth of the pairing force has been adjusted to reproduce the observed separation energies. It is noted that the white circle in Fig. 3(b) is a derived value from systematic trends [29] and not an experiment.
As is well known, a proper description of odd nuclei by mean field theory requires to break the time-reversal symmetry and introduces the time-odd components (TOC) in the mean field. The effect of an odd neutron on the HFB energy is therefore twofold; (a) The loss of pairing energy due to the blocking of the Fermi level by the odd neutron, and (b) the time-odd mean-field energy arising from the blocked level. The time-odd mean fields have been studied both in the analysis of super-deformed rotational bands [25] and the odd-even nuclear mass difference [24] .
In order to see the blocking energy (the loss of pairing energy) and the polarization energy (the time-odd mean-field energy) separately, we define the blocking energy E block as the energy difference between E HFB with no TOC and E HFBE . We also define the polarization energy E pol as the energy difference between E HFB and E HFB with no TOC, i.e., Figure 4 shows the SIII-HFB calculation of (a) the blocking energy in the oblate and prolate minimum, (b) the polarization energy in the oblate minimum, (c) the polarization energy in the prolate minimum and (d) the oblate-prolate difference of HFB energy. In Fig. 4(a) , the blocking energy in the oblate minimum is larger by ∼200 keV than the one in the prolate minimum. This results from higher neutron level-density in the former than in the latter. The blocking energies are reversed in 189 Hg because of the small deformation β = 0.08 in the prolate minimum of this isotope and the level density in the minimum is high accordingly.
As mentioned in Section 2.2, the C The energy difference ∆E HFBE shows that the minimum is found at the neutron number N = 102 and the oblate minimum gets deeper than the prolate one as the neutron number is away from N = 102 in both directions. For the blocking energy E block , it is repulsive and larger by 400 keV in the oblate minimum than in the prolate one. The blocked level is labeled with the quantum number Ω, the component of neutron angular momentum along the symmetry axis.
For the odd mass 181−185 Hg, the blocked level has Ω = 1/2 in the oblate minimum, while it has Ω = 5/2 or 7/2 in the prolate minimum. In the calculation with full time-odd terms (case (i)), the polarization energy is attractive in the oblate minimum, while it is repulsive in the prolate minimum, leading to the the attractive terms on the polarization energy will be discussed more generally in the last paragraph of this section. Figure 5 shows the results of the SkI3-HFB calculation. We had the difficulty of convergence in this calculation when the full time-odd components are considered. The difficulty arises mainly due to the strong couplingconstant C ∆s 0 derived from the SkI3 parameters (see Table 1 ) and partly due to the large HF basis of the present study (N 0 = 18). The difficulty occurs when the energy splitting between the time-reversed partners becomes large and a few of the quasi-particle states have negative energy. Since we have no way to correct this difficulty, we simply omit the C contributions of ∼150 keV in the oblate minimum while it is ∼200 keV in the prolate minimum. In Fig. 5(d) , the oblate-prolate transition is very well explained when the terms C ∆s t are omitted. It is also well explained by omitting the whole time-odd components. The oblate-prolate energy difference in Fig. 6(d) shows that the SLy4 force is not very well suited to describe deformation properties of light Hg isotopes. Here we also had the difficulty of convergence when the C To see the effects of the time-odd C 
Conclusions
The shape and the mean-square radius of Hg isotopes have been investigated by using the Skyrme Hartree-FockBogoliubov method. We have first examined effective interactions SIII, SGII, SkM * , SKX, SkI1, SkI2, SkI3, SkI4, SkI5 and SLy4 to see if they can predict the oblate-prolate shape coexistence in light Hg isotopes. We have then examined the loss of pairing energy due to the odd neutron by employing the zero-range density-dependent pairing force. Lipkin-Nogami corrections to both even and odd nuclei are calculated within the HFB formalism.
We have also investigated the effect of the time-odd C The effect of the time-odd terms on the prolate-oblate transition is weak and cancels the effect of the blocking energy by a few tenths.
We have also investigated the effects of the time-odd terms C Force respectively. White circles in (b) denote the separation energy derived from systematic trends [29] . terms (black square). The calculation with no time-odd components is also shown in white triangle. 
